Introduction
The single-stranded positive-sense RNA genome of potyviruses is translated to a polyprotein which is subsequently processed into as many as ten functional proteins (Riechmann et al., 1992) . The helper component-proteinase (HC-Pro) (Maia et al., 1996) and coat protein (CP) (Shukla et al., 1994 ; Mahajan et al., 1996) are examples of multifunctional potyvirus proteins (Fig. 1 a) . The N-terminal part of HC-Pro affects virulence (symptom severity), genome amplification and virus accumulation (Atreya et al., 1992 ; Atreya & Pirone, 1993 ; Kasschau & Carrington, 1995) . KITC and PTK amino acid motifs of HC-Pro are required for transmissibility by aphid vectors (Atreya & Pirone, 1993 ; Huet et al., 1994) . The central region of HC-Pro affects long-distance movement of virus (Cronin et al., 1995) , whereas the C-terminal part is needed for cell-to-cell movement Author for correspondence : Jari Valkonen (at Department of Plant Biology, Uppsala). Fax j46 18 67 3392.
e-mail jari.valkonen!vbiol.slu.se (Rojas et al., 1997) and has cysteine-type proteinase activity (Carrington et al., 1989) . In the CP, a DAG amino acid motif at the N terminus is required for aphid-transmissibility (Atreya et al., 1990 (Atreya et al., , 1991 (Atreya et al., , 1995 . Both termini of CP are exposed on the virion surface and affect long-distance movement (Dolja et al., 1994 (Dolja et al., , 1995 Lo! pez-Moya & Pirone, 1998) . Mutations in the central region of CP result in defective virus assembly and cellto-cell movement (Dolja et al., 1994 (Dolja et al., , 1995 Rojas et al., 1997) and reduce genome amplification (Mahajan et al., 1996) .
A previous study has reported that the CP amino acid sequences of 21 potato A potyvirus (PVA) isolates show 92n9 % identity, whereas the HC-Pro amino acid sequences of 10 PVA isolates show 94n8 % identity (Rajama$ ki et al., 1998) . Significant biological differences have also been observed. Isolate PVA-B11 differs from most other PVA isolates, including isolate U (PVA-U), in that PVA-B11 accumulates to very high titres in tobacco plants, is not transmitted by aphids and does not infect potato (Solanum tuberosum L. cv. Pentland Ivory) systemically. These differences may be due to maintenance of B11 by repeated mechanical inoculations in Nicotiana spp. for many years, in contrast to maintenance of most other PVA isolates in infected potato tubers. Because previous studies have shown that HC-Pro and CP affect potyvirus accumulation, aphid transmissibility and longdistance movement, these genes were examined in this study for their significance to the biological differences observed between PVA-B11 and PVA-U.
Methods
Virus constructs. The complete nucleotide and amino acid sequence of PVA-B11 has been published and numbering of nucleotides follows the previous study (Puurand et al., 1994) . A full-length cDNA clone (icDNA) of PVA-B11 is available, from which infectious in vitro transcripts can be produced (Puurand et al., 1996) . A comparison of the deduced HC-Pro (458 aa) and CP (269 aa) amino acid sequences of PVA-U and PVA-B11 has been published (Rajama$ ki et al., 1998) and numbering of amino acids in these proteins follows that study. HC-Pro of PVA-B11 and PVA-U differ in six amino acids, of which E88K and H89Y are located within the N-terminal part, and G153S and A330T are in the central area (Fig. 1 b) . The codons for these four amino acids in the PVA-B11 icDNA were changed to those of PVA-U using the Altered Sites II In Vitro Mutagenesis System (Promega). Primers are listed in Table 1 . The construct was designated B11-U HC (Fig. 1 b) and checked by sequencing and restriction analysis, as was done with all further constructs described below.
The PVA-B11 CP contains a DAS motif (aa 5-7) at the CP N terminus and is not aphid-transmissible ; this is in contrast to PVA-U, which contains a DAG motif at this position and is transmitted by aphids (Rajama$ ki et al., 1998) . The S7G amino acid substitution was introduced into the B11 CP (Table 1 ) and this point-mutated PVA-B11 CP gene and the wild-type CP gene of PVA-U were transferred to PVA-B11 icDNAs and designated B11-DAG and B11-U CP , respectively (Fig. 1 b) . Finally, the 5h-end fragments (nt 1-2969, including the complete HC-Pro gene) of icDNA clones B11-DAG and B11-U CP were replaced with the corresponding fragment of B11-U HC , resulting in the icDNAs designated B11-DAG-U HC and B11-U CP -U HC , respectively ( Fig. 1 b) . Puurand et al. (1994) . 
Inoculation of protoplasts and plants. For in vitro run-off transcription, plasmids were linearized with Asp718 (Boehringer) (B11-U CP and B11-U CP -U HC ) or PinA1 (Boehringer) and in vitro synthesis of infectious transcripts was carried out as described previously (Puurand et al., 1996) .
Protoplasts were prepared from tobacco leaves (Nicotiana tabacum cv. Samsun) and inoculated with PVA RNA transcripts by electroporation as described previously (Luciano et al., 1987 ; Puurand et al., 1996) using a Bio-Rad Gene-Pulser. Protoplasts of potato cv. Pentland Ivory were isolated essentially as described by Nelson et al. (1983) and inoculated with the PVA transcripts by electroporation (Easyject Pulser ; EquiBio) (Jones et al., 1989) . About 10 µg of PVA transcripts was used to inoculate a batch of 10' protoplasts. Protoplasts were harvested 72 h after inoculation and tested for PVA by Western analysis (Towbin et al., 1979) using MAb A3H4 (Andreeva et al., 1994) , goat anti-mouse IgG coupled with horseradish peroxidase (HRP ; Sigma) and an enhanced chemiluminescent substrate (Super Signal Substrate ; Pierce). Signal was visualized using the Bio-Rad Molecular Imager System GS-525 after 10-15 min of reaction.
Detached tobacco leaves were inoculated with PVA RNA transcripts (about 150 ng per leaf) by microprojectile bombardment (Klein et al., 1987) using the Bio-Rad Biolistic PD1000\He System and incubated under moist conditions in Petri dishes at room temperature in daylight for 4-5 days. One half of the leaf was tested for PVA by DAS-ELISA and the other half used for mechanical inoculation of tobacco and potato plants as previously described (Rajama$ ki et al., 1998) . Three plants of tobacco and potato cv. Pentland Ivory and one plant of potato hybrid ' A6 ' (Solanum demissum Lindl.iS. tuberosum cv. Aquila) (two full-grown leaves of each) were mechanically inoculated in two experiments in the greenhouse in Helsinki (temperature 24\19 mC) and in an additional experiment in a growth chamber in Uppsala (Weiss Tekhnik ; photoperiod 18 h, light intensity 250 µE\m#, temperature 19\17 mC). Detection of PVA by DAS-ELISA was carried out as previously described using MAb 58\0 (Adgen, UK), which detects a linear epitope defined by amino acid 34 (Lys) in the PVA CP (Rajama$ ki et al., 1998) . The second leaf above the inoculated leaf was sampled by taking 0n3-0n5 g of the basal part of the leaf. The sample was weighed and ground in sample buffer at 1 g\3 ml. Known amounts of purified virions of PVA-B11 and PVA-U were included for comparison (see Table 2 ).
Results and Discussion
All isolates and mutants caused a symptomless infection in tobacco in the greenhouse, and vein-clearing symptoms in the growth chamber. All isolates and mutants were detected in the upper, non-inoculated leaves at 7 days post-inoculation (p.i.), except B11-U CP -U HC (see below) which was detected at 11 
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* NLL, necrotic local lesions in the leaves of potato hybrid ' A6 ' mechanically inoculated using sap from PVA-infected tobacco plants 15 days p.i. (expt 1) or 10 days p.i. (expt 3). NLLs in ' A6 ' appeared 4n5 days after inoculation. Numbers of NLLs were recorded in expt 3 (means and standard deviation are indicated ; n l 3) but were not recorded in experiment 1. , No symptoms. † Amounts of virus were determined from four sap dilutions [1\4 ( l 1 g of the uppermost fully-expanded leaf ground in 3 ml sample buffer), 1\40, 1\400 and 1\4000] by comparison to known amounts of purified B11 virions (0n01, 0n05, 0n25, 1n25 and 5n00 µg virions per 1 ml sample buffer) using DAS-ELISA. Standard deviations (n l 8) are given in parentheses. , Not tested. days p.i. (Table 3 ). Measurement of virus titres at 15 and 17 days p.i. showed that B11-U HC and PVA-B11 accumulated to high titres, whereas DAG-U HC , PVA-U, B11-U CP and PVA-DAG had lower titres (P 0n05) ( Table 3) . Mutations of HC-Pro and CP had opposite effects on virus accumulation. Introduction of the four amino acid substitutions, based on the PVA-U HC-Pro sequence, into PVA-B11 HC-Pro increased virus accumulation by up to 4-and 10-fold, respectively, as compared to PVA-B11 and B11-DAG (which carry the non-mutated PVA-B11 HC-Pro) (Table 3 ). This effect seems consistent with the reported ability of HC-Pro to suppress the host gene silencing mechanism, which is considered to be important for the success of the initial stages of infection (Anandalakshmi et al., 1998 ; Brigneti et al., 1998 ; Jones et al., 1998 ; Kasschau & Carrington, 1998) . Consequently, the inference from our data would be that the PVA-U HC-Pro is more efficient as a suppressor than the PVA-B11 HC-Pro. In contrast, replacing the CP of PVA-B11 with the CP of PVA-U reduced accumulation of PVA-B11 by about 5-fold, to a level similar to that of PVA-U (Table 3) . Transfer of both the mutated HC-Pro and the PVA-U CP to PVA-B11 created a third, different phenotypic effect, as the recombinant virus, B11-U CP -U HC , had a slower rate of systemic movement and low titres in tobacco (Table 3) .
A single amino acid substitution (S7G) introduced into the CP N terminus of PVA-B11 and B11-U HC (resulting in mutants B11-DAG and B11-DAG-U HC , respectively) reduced virus accumulation by about 10-fold (Table 3) . As mentioned above, replacement of the entire CP in PVA-B11 with the PVA-U CP (which naturally contains the S7G substitution) reduced accumulation less, by about 5-fold. PVA-U CP contains also six additional amino acid differences at the CP N terminus as compared to PVA-B11 (Valkonen et al., 1995) . Therefore, the effect of CP amino acid 7 may depend on its context within CP, i.e. the net charge and\or conformation of the CP N terminus. Single substitutions of Lys or Arg Asp, or Lys Asp, in the DAG motifs of tobacco vein mottling potyvirus and tobacco etch potyvirus, respectively (Lo! pez-Moya & Pirone, 1998), and Ser Pro at CP amino acid 47 in pea seed-borne mosaic potyvirus (Andersen & Johansen, 1998 ) restrict long-distance movement of virus. In PVA, the S7G substitution in CP caused no detectable difference in the rate of systemic movement but reduced virus accumulation.
Transmissibility by Myzus persicae (Sulz.) was tested in Nicotiana occidentalis as previously described (Rajama$ ki et al., 1998) . The S7G substitution in CP (which reduced virus accumulation) restored transmissibility to PVA-B11 (no plants infected of the 40 plants inoculated), as shown by transmission of B11-DAG (11\20) and B11-U CP (5\10) to a rate similar to PVA-U (6\10). The motifs within HC-Pro required for aphidtransmissibility in other potyviruses (Atreya & Pirone, 1993 ; Huet et al., 1994) are conserved in PVA-B11 (Puurand et al., 1994 ; Rajama$ ki et al., 1998) . The requirement of the CP Nterminal DAG motif for aphid-transmissibility has been proven in four other potyviruses by mutational analysis of the icDNA clones (Atreya et al., 1991 ; Gal-On et al., 1992 ; Flasinski et al., 1996 ; Lo! pez-Moya & Pirone, 1998) . However, the mutations that restore aphid-transmissibility have not affected accumulation of potyviruses in the previous studies (Atreya et al., 1991 ; Gal-On et al., 1992) , in contrast to PVA in this study. Our data show that transmission by aphids and accumulation of PVA in infected tissues are controlled not only by the same viral protein but even by the same amino acid motif, which emphasizes the possibility that these two traits are linked at a mechanistic level.
The introduced amino acid substitution S7G was stable after twice being propagated in tobacco. No reverted form was detected by amplification of the N-terminal part of the CP gene by RT-PCR and subsequent restriction with NaeI, as shown by the cleavage of the product (data not shown) (the mutated CP gene contains a unique engineered NaeI site ; see Table 1 ). However, when this mutant was propagated further by inoculation from the systemically infected tobacco plants detailed in Table 3 , both mutated and reverted forms of CP gene were detected after the fourth propagation cycle. After the next propagation (fifth in total), only the reverted (wildtype) CP gene was detected, and virus titres were high and similar to PVA-B11 (data not shown). These data suggest that selection may occur for or against the S7G substitution in PVA CP, depending on the type of selection pressure. Selection seems to occur for Ser and higher fitness in the experimental Table 4 . Amounts of PVA antigen in potato cv. Pentland Ivory following mechanical inoculation Amounts of virus antigen (ng\g leaf) were determined (sap dilution 1\4) by comparison with known amounts of purified B11 virions (see Table 3 ). Absorbance values for buffer and sap of healthy plants were similar (0n06-0n08). , Not tested. host plant (tobacco) following repeated mechanical transmission. However, selection against the S7G substitution is needed in the field where the spread of PVA to new hosts occurs by aphid transmission and requires a Gly residue at this amino acid position. Leaves of potato hybrid ' A6 ' developed many necrotic lesions following inoculation with all mutants and isolates (Table 3) , which suggested that all were able to infect ' A6 '. Also the inoculated leaves of potato cv. Pentland Ivory were detectably infected with all PVA isolates and mutants, except mutant B11-U CP -U HC (Table 4) . In vitro transcripts of B11-U CP -U HC were electroporated to Pentland Ivory protoplasts and no difference was observed in the amount of PVA antigen as compared to B11-U HC (data not shown), which suggested that simultaneous mutation of HC-Pro and replacement of CP rendered PVA-B11 defective in cell-to-cell movement. Neither PVA-B11 nor the mutants could infect Pentland Ivory systemically, in contrast to PVA-U (Table 4) , which showed that neither mutation of HC-Pro nor replacement of CP, or both, was sufficient to provide PVA-B11 with the ability to move long-distance in Pentland Ivory. Thus, it remains for further studies to identify the viral gene(s) that renders PVA-B11 unable to move systemically in Pentland Ivory. For example, previous studies have shown that the virus-specific, recessive resistance which prevents systemic virus movement is in certain cases overcome by mutations in the potyviral protein VPg (Nicolas et al., 1997 ; Schaad et al., 1997) . Also, the potyviral protein CI is involved in virus movement Roberts et al., 1998) , and the possibility remains BBDH that simultaneous mutations in more than one protein may confer the defective movement phenotype of PVA-B11 in potato.
